This paper aims to examine sound fields in extra-large spaces, which are defined in this paper as spaces used by people, with a volume approximately larger than 125000 m 3 and absorption coefficient less than 0.7. In such spaces inhomogeneous reverberant energy caused by uneven early reflections with increasing volume has a significant effect on sound fields. Measurements were conducted in four spaces to examine the attenuation of the total and reverberant energy with increasing source-receiver distance, which was then validated by the simulations with image-source method. Results show that the reasons for the total energy's exponential decrease are not only the direct sound, but also the reverberant energy. The prediction difference of total sound pressure level (SPL) between classical formula and the image-source method increases with the volume and decreases with the surface absorption, based on which a critical line separating extra-large spaces from large ones is proposed. Moreover, a newly modified model based on the importance of first reflection from floor is proposed, showing more advantages of sound level prediction in extra-large spaces.
Introduction
Many large buildings are being built worldwide to accommodate more and more complicated functions. In those buildings, the sound field plays an important role in the design of acoustic performance and electronic evacuation systems [1] . With the increase of volume, the spatial distribution difference of reverberant energy, which is very important for the characteristics and prediction of sound level in a space, should become more significant but further details about the phenomenon and theory are also needed.
Evidence of this spatial distribution difference was found in various cases. After a series of measurements in performance spaces, with volumes varied from 2900 to 86650 m 3 , reverberant energy decreasing with the source-receiver distance was proposed by Barron based on the image-source method in rectangular rooms [2] . And many other investigations in concert halls were also validated this difference [3, 4] . The same phenomenon was also found in four Japanese churches, with volumes varied from 1000 to 12600 m 3 [5] and twelve Mudejar-Gothic churches in the south of Spain, with volumes varied from 3947 to 10708 m 3 [6] . In St Pauls Cathedral in London, with a volume of 152000 m 3 , variations in sound pressure level (SPL) with distance and the contours of equal SPL for 1000Hz octave band also suggest some interesting spatial variations although further analysis has not been conducted [7] .
Numerous factors have been used to account for inhomogeneous spatial distribution of the reverberant energy. At each reflection of sound wave, different acoustic characteristics of surfaces, such as absorption and scattering [8, 9] , affect sound field to varying degrees. Room shapes, which can be categorised by the ratio of three dimensions [10] , such as flat space [11, 12] and long space [13, 14, 15] , also has a significant influence on the sound field. In some spaces with small subspaces, coupled-space effect was also considered [16] . Other factors which also need to be considered include air absorption and specular early reflections [16, 17, 18] .
While large in acoustics mainly means that low-frequency resonance could be paid less attention for the sound field in a room [19] , with the continuously increasing volume, early reflections in extra-large space show more significance as a factor and its influence on the sound field has not been studied systematically. The aim of this current paper is therefore to explore the sound energy distribution and its prediction method in extra-large spaces. Measurements in four cases and computer simulation have been used to explore the characteristics of reverberant energy in extra-large spaces and a new modified model has also been proposed.
Method

On-site measurements
On-site measurements were carried out in four cases, with volumes varied from 7000 to 190000 m 3 , representing ordinary to large space respectively, as shown in Fig. 1 and Table 1 . The shape and acoustic performance of surfaces in four cases are different but all of them are centralized. Other information is shown in Fig. 2 , and the RT in this Table 1 is the average reverberation time of three octave bands (500 Hz, 1 kHz and 2 kHz). The SPL values were measured using an omni-directional source with a pink noise signal and calibrated sound level meters. The source points were arranged at the usual performance point or near the central point of the floor at a height of 1.5 m. The receiver height was 1.2 m. Each point was measured three times to obtain the average value. ISO-3382 standard was followed in the equipment selection and measurement process. For the sake of brevity, only the average of three octave bands (500 Hz, 1 kHz and 2 kHz) is presented in this paper. The SPL at all points were more than 15 dB above the background noise in the four cases. 
Computer simulation
Because of the difference in typology, shape, volume, acoustic surface performance, etc., it is difficult to obtain an accurate rule of energy distribution from measurements in different spaces. To control other variables and explore the influence of volume as single factor on sound field, sound energy variation in large spaces have been studied by using computer simulation in a series of hypothetical cubic spaces at different volumes and surface absorptions. An image-source method [20] for cubic spaces has been developed because of its easy-implement algorithm and accuracy of reflection sequence [11, 21] . A great advantage of the image-source model in the current paper is that the calculation accuracy and computational difficulty have no relation to the volume. The above method has been achieved by using python language to avoid modification algorithms for optimization in some commercial software packages developed for ordinary spaces. By using multi-processing method and customizable pre-processing, the new program shows more flexibility and total efficiency than commercial software packages. In addition, low-frequency resonance, diffraction and edge effect which are less of a concern in extra-large spaces, are not considered. The diffusion effect is also ignored for the sake of convenience.
A total of 20 cubic models were selected, with side length varied from 10 to 500 m (namely, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 250, 300, 350, 400, 450 and 500, so the volume varies from 1000 to 125000000 m 3 , which represents the different volume of ordinary and large spaces) and 9 uniform absorption coefficients, from 0.1 to 0.9, were applied to all the surfaces in each space. The source points were arranged at the central point of the floor at a height of 1.5 m. Receiver height was 1.2 m. Fifteen points were arranged evenly in the quarter of floor in the smallest space because of the symmetry. And in the next larger space, 15 more points were arranged as the previous one. Receiver points in the previous space were also included in the next larger space for comparison.
Characteristics of sound field
Basic characteristics of sound energy distribution were explored in the measurements of four cases, as shown in Fig. 3 . A near-exponential trend both appears in the distribution of total and reverberant energy in all four cases and this phenomenon is more obvious near the source. In the area far from the source, the attenuation gradually becomes linear. For each case, a polynomial regression is performed of the total sound level data as a function of source-receiver distance. The R 2 of regression in four cases varies from 0.87 to 0.92, which indicates that spatial difference between the points at the same source-receiver distance exists in a small range.
In order to further determine the spatial distribution of the reverberation energy in the space of larger volume and greater absorption coefficient, a series of cubes were simulated by an image-source method, the results of which are presented in Fig. 4 . In the cubic space with a volume of 1000 m 3 , the reverberant energy attenuates slightly with the increase of source-receiver distance. The difference range of reverberant energy in the space is 1.1 dB and 2.5 dB while the absorption coefficient is 0.3 and 0.7, respectively. This phenomenon is common in ordinary large spaces, such as auditoriums and small indoor stadiums. However, with the increase in volume and absorption coefficient, reverberant SPL shows a significant exponential decreasing trend. From Fig. 4 , it is obvious that the curves become closer to the straight direct-energy line, since logarithmic abscissa axis is 
used.
For large cubic spaces with side lengths of 100 m or more, the SPL profiles in Fig. 4 can be divided into three sections. The first part is the linear attenuate curve near the source and in different spaces those curves are always within about 6 m from the source. Then the second part shows an exponential trend in the remaining near-source area. More exponential trends appear with the increase of volume and the reverberant SPL curves of different spaces in the two figures move down and gradually approaches the first reflection from floor (FRFF) curve. The last part backs to the linear attenuate trend again in the area far from the source. This linear pattern is due to the domination of other reflections, which still have a slight attenuation with distance because the energy of FRFF decreases with the source-receiver distance. This three-part phenomenon in a large space is different from the hypothesis of classical model or other models [2, 22] .
In terms of the effect of surface absorption, according to the relative relationship between the dash straight line and other curves in Fig. 4 , the direct energy in the space with larger surface absorption occupies a greater proportion in total energy and shows more exponential trends. Moreover, the curves in Fig. 4 (a) are steeper than those in Fig. 4(b) which means that the reverberant energy also appears to be a more exponential trend with the growth of surface absorption. In each figure, this exponential trend is also more evident with the growth of volume. In this way, there is a larger distance range with exponential behaviour for larger room volumes and greater absorption coefficients.
Prediction model
The applicability of the classical model is first studied in this section. Then a new prediction model is proposed theoretically and validated with the measurements.
Applicability of classical model
The classical model [19] assumes that the reverberation sound energy is evenly distributed in a space, hence, the total SPL is
where W is the sound source power, r is the source-receiver distance, and R is the room constant.
As the volume becomes larger and the sound absorption coefficient increases, the spatial difference of reverberant energy increases correspondingly. Because it is difficult to determine the exact acoustic parameters in a real room, prediction results of the classical model are compared with those of computer simulation in the space of different volume and surface absorption.
The differences between prediction results of the total energy obtained by the classical model and the image-source method generally increase with the increase of volume and the decrease of surface absorption coefficient, as shown in Fig. 5 . Air absorption here is neglected to highlight the effects of non-uniform early reflection energy and avoid differences of various considerations of air absorption. As can be seen in Fig. 4 , the max difference between the reverberant energy derived from the classical model and the image-source method always appears at the near-source area. Although the different range becomes larger with the increase of surface absorption, the reverberant-to-direct energy ratio is smaller simultaneously, which leads to the result that the total SPL difference is proportional to the size and inversely proportional to the surface absorption. When the volume of a room is less than 8000 m 3 (of which the cube root is equal to 20 m), the difference between the classical model and image-source method is generally within 0.5 dB. The difference between the classical model and the image-source method is less than 1 dB when the absorption coefficient is less than 0.7 and the volume is less than 125000 m 3 (i.e. a 50 m cube). The difference is stationary below 1 dB when the absorption coefficient is larger than 0.7. Because this difference is due to the inhomogeneous spatial distribution of the reverberant energy, a curve in Fig. 5 , say the 1 dB curve, might be used to distinguish ordinary large space and extra-large spaces.
A new prediction model
Different models to predict SPL distribution were proposed based on different considerations and approximations of reverberant energy. If the uniform decrease of reverberant energy with the increase of source-receiver distance was considered, a fixed rate factor was added by Barron [2] to predict the total SPL
where c is the velocity of sound, and T E is the Eyring reverberation time. This model has good predictions in many concert halls. Fig. 6 is helpful in explaining these models: t c is the time at which the number of reflections is large enough to reach statistical average, which is also called averaging time [16] . Different statistical assumptions were made to predict the reflection energy before t c . For example, the initial time t 0 and the time direct sound reaches t D are used as the critical time in classical and Barron model respectively. Several other modified models were also proposed based on different approximations of early reflections [22, 23] and the rate of energy decay [24] but in some cases they did not show better accuracy [2] .
However, the FRFF, which is significantly larger than the other reflections in general, has not been used to improve prediction accuracy. The path difference between the direct sound and the FRFF decrease with the source-receiver distance, as shown in Fig. 7 , which results in a small difference in the energy in most areas. This is also consistent with the phenomenon in Fig. 4 . In the current paper a newly modified model for extra-large spaces is therefore proposed based on the FRFF. The height of the source H s and receiver H r is 1.5 m and 1.2 m respectively, except where indicated. As both the source and receiver are closer to the floor than to the other surfaces in general, the reflection energy from the floor almost always reaches first in large spaces, which could be calculated as an individual term in a newly modified model. The time when the FRFF reaches t f is considered a critical time for the statistical assumption in the new model. The reflection after t f is still estimated by using the same statistical methods as in the Barron model which accuracy was confirmed by using the billiard theory [25] and measurements. Therefore, based on the geometry of sound source and receiver points, as shown in Fig. 8 , the following three formulas can be obtained.
where ∆H is the height difference between the source and receiver points.
where L h is the horizontal distance between the source and receiver points.
where L is the path length of FRFF. According to Eq. (3), Eq. (4) and Eq. (5), the path length of FRFF can be obtained by
As the FRFF is considered, the total energy can be divided into three parts, which are the energy of direct sound, the FRFF and other subsequent reverberant sounds. So the total SPL can be obtained by
where α f is the absorption coefficient of the floor; T is the reverberation time measured or calculated. Adding Eqs. (6) and (7), L will be generated as:
Theoretically, this model could not be used in the situation where the sound source, or the floor on which the first-order sound reflects, cannot be seen at the receiver point. The applicability in the situation where the source or receiver are far from the floor is also uncertain.
Validation of the new model
The modified model is applied to the four measured cases to obtain further validation, and the classical and Barron models are also used for comparison, as shown in Fig. 9 . In the four cases, the absorption coefficient is calculated by the Eyring formula based on the reverberation time measured, and the sound power level of the source is deduced from the SPL measured at 1 m from the source, since the direct energy here is about 9.5 dB larger than the first reflect energy from the floor using the spherical formula. As can be seen in Fig. 9 , the results show that the classical model underestimated the energy in the near field, within about 10 to 20 m, and overestimated it in the far field. By adding a distance-dependent attenuation factor to reverberation energy, Barrons model yields very accurate predictions in the far field but still underestimated the energy in the near field. However, as the volume becomes larger and the first reflection energy from the floor has more advantages than other reflections, the accuracy is better using the modified model. The differences between the measurements and the modified model are significantly reduced. The maximum difference in the four cases is between 1.38 and 1.55 dB and the standard deviation is 0.66 − 0.71 dB, as shown in Table 2 .
Further information is obtained from the simulation. The difference among the three models (classical, Barron, and the modified) and computer simulation shows different trends with the increase of the source-receiver distance, as shown in Fig. 10 . When the volume is 1000 m 3 , all the three models have little differences, which are not larger than 1 dB. When the volume is 125000 m 3 and 125000000 m 3 , both curves of the classical and Barron models show a deep trough at about 4 − 20 m, which means a different degree of underestimation in the near-source area. This trough is mainly due to the FRFF and its relationship with other energy as in Fig. 4 , it is proportional to the volume and inversely proportional to the absorption coefficient. When the surface coefficient is 0.1 and the volume is 125000000 m 3 , the max difference between two existing models and computer simulation is 2.7 dB.
In Fig. 10 , as the volume increases, the prediction difference of all the four models becomes greater generally and the difference curves show more spatial fluctuation with increasing source-receiver distance. This may suggest more theoretical limitations of statistical models in the extra-large spaces as the sound rays become more difficult to reach the statistical average with the increasing volume. Different from the two existing models, the prediction difference of the two modified models decreases with the increasing sourcereceiver distance. This is mainly due to the fact that the starting point of the calculation for the reverberant energy in the modified models is the latest among those models which results in less reverberant energy at the far-source point.
With regard to the use of Sabine or Eyring reverberation time, it is difficult to have the exact evidence to determine by computer simulation or measurements because most of the difference between the two formulas are within 1 dB as shown in Fig. 10 , which still requires further study.
More details of the difference between the modified model and the image-source method are shown in Fig. 11 . The modified model shows a better applicability in prediction and the accuracy of this new model is insensitive to volume, which shows more applicability in extra-large spaces. The max difference of total SPL appears when the surface absorption is 0.5. 
Conclusion
For SPL-prediction purposes, if 1 dB is accepted as the criterion, the space with the absorption coefficient is less than 0.7 and the volume is large than 125000 m 3 is suggested to be called extra-large space based on the results of computer simulation in the current paper. When a space volume becomes larger, the diffuse field assumption is more and more inapplicable not only for the total energy but also for the reverberant energy. The threestage phenomenon was found in the attenuation of reverberant energy by using the imagesource method and was validated in the following investigation. The first part is the linear attenuate curve near the source and then the second part shows an exponential trend in the remaining near-source area. The last part reverts to the linear attenuate trend again in the area far from the source. The importance of the first reflection from the floor in an extra-space is found to be the main reason of the three-stage attenuation.
A new model to predict the SPL attenuation in extra-large spaces is proposed based on the importance of the first reflection from the floor. In this model the energy of the first reflection from the floor can be calculated separately rather than being included in the approximate formula of the reverberant energy, and its accuracy and applicability were validated by two methods. In computer simulation, the advantage of the new model in the near-source area is indicated, and in four measured cases, the max difference is from 1.38 dB to 1.55 dB and the standard deviation of which is from 0.66 dB to 0.71 dB. This model could not be used in the situation where the sound source, or the floor on which the first-order sound reflects, cannot be seen at the receiver point. The applicability in the situation where the source or receiver is far from the floor is also uncertain.
